The objective of the work was to study the effect of agri-residue solid contents (2-20% w v −1 ) in fermentation medium on fungal growth, soluble and insoluble nutrient consumption and laccase production. Fungal strain Ganoderma lucidium and wheat straw substrate was screened for maximum laccase production. At low solid content submerged fermentation (SmF), fungus utilized mainly soluble nutrient and was unable to access the insoluble nutrient in media due to lack of contact with solid. At high solid content solid-state fermentation (SF), fungi grew on solid surface with dense and thin hyphae, utilized mainly insoluble nutrient. At medium solid content (8% w v −1 ) semi-solid fermentation (sSF), fungi grew on solid substrates with network of thick intercrossed hyphae, utilized both soluble and insoluble nutrients optimally resulting in highest fungal growth and laccase activity (~ 3.5 folds than in SmF and ~ 2.5 folds than in SF). Importance of soluble and insoluble nutrients was also established after isolation of their individual effects. Morphology of fungal growth (SEM), composition, thermal analysis (TGA/DTG) of substrates confirmed the results. sSF showed potential for the production of enzymes through utilization of agricultural residues as substrate.
Introduction
Laccase (benzenediol:oxygen oxidoreductase, EC 1.10.3.2), an oxidase belonging to the group of multi-copper proteins of low specificity acting on ortho and para quinols, aminophenols and phenylenediamine, have a molecular mass of 60-90 kDa (Rodrigues et al. 2008) . Fungal laccases, a key enzyme for lignin degradation, showed potential for application in different industrial fields such as paper-pulp bleaching, synthetic dye decolorization, bioremediation, biosensors, food and brewery industry and petrochemical industries (Upadhyay et al. 2016) . Laccase-based biosensors for detection of morphine and codeine, catecholamines, plant flavonoids have also been developed (Couto and Toca-Herrera 2007) .
White-rot fungi produce higher level of laccase compared to bacteria, yeasts, or other filamentous fungi in submerged fermentation (SmF) and solid-state fermentation (SF). Agricultural wastes are excellent substrates in fermentation as these are comprised of cellulose and hemicellulose as carbon source and lignin as inducer for laccase production. These substrates also acted as source of reducing sugar and nitrogen required for growth of fungal biomass (Akpinar and Urek 2017) . In SmF of wheat straw, laccase activity up to 170 U L −1 by Trametes versicolor (Kapich et al. 2005 ) and 220 U L −1 by Bjerkandera adusta (Rodrigues et al. 2008 ) was produced. Complex soluble nutrients were added in media due to minimum utilization of insoluble substrate in SmF (Kapich et al. 2005; Rodrigues et al. 2008) , which increased the fermentation cost. SmF posseses other disadvantages such as requirement of high reactor volumes and poor oxygen transfer (Barrios-González 2012) . The microorganisms grows on solid materials in SF in the absence or near absence of free water, offers the advantages of stability 1 3
35 Page 2 of 13 of enzymes, high product volumes, low wastewater output, reduced energy requirements, simpler fermentation media, etc. SF using wheat straw produced peak laccase activities 1100 U L −1 (Elisashvili et al. 2008b ) and 864.8 U L −1 (Philippoussis a et al. 2010) by Lentinula edodes. SF has problems of slow nutrient uptake and low biomass growth due to absence of free water content (Machado et al. 2013; Osma et al. 2011) . Accumulation of heat between substrate bed and fungal mat, loss of moisture during fermentation process are other problems in SF (Barrios-González 2012). Semi-solid fermentation (sSF) can be used to overcome the drawbacks of SF and SmF. sSF is a type of SF in which the free liquid content is increased to facilitate the nutrient availability to fungal growth and control of fermentation (Economou 2010) . sSF with additional nutrients was explored for production of single cell oil (Economou 2010) , amylolytic enzyme (Onofre et al. 2011) , neomycin (Machado et al. 2013 ) and oxalic acid production (Mai et al. 2016) . To facilitate the nutrient supply for maximum fungal growth and product formation, water content in sSF is required to be optimized. sSF can offer the utilization of by-products/ wastes from food and agricultural industries with economical and environmental benefits. Effect of solid content in fermentation media on utilization of soluble/insoluble nutrients of solid substrate, fungal growth and product formation has not been studied. Production of enzyme laccase by using agricultural residues in sSF without additional nutrients could be important but has not been reported. The effects of wheat straw solid contents in media on utilization of soluble/ insoluble nutrients, improvement of fungal growth and laccase production in sSF have been presented in the article.
Materials and methods

Materials
2,2′azino-bis(3-ethylbenz-thiazoline-6)-sulfonic acid (ABTS) was purchased from MP Biomedical (Mumbai, India). Lignin sulfonic acid sodium salt and N-Acetyl glucosamine were purchased from Himedia Laboratory Pvt Ltd (Mumbai, India). Water was purified and deionized (DI) by Milli-Q purification system (minimum resistivity 18 MΩ cm; Millipore, Billerica, MA, USA). Rest of chemicals (analytical grade) were purchased from S. D. fine chem. Ltd (Mumbai, India).
Biomass substrate
Agricultural residues wheat straw, wheat bran, rice straw and rice hull were collected from the local agricultural farms, Jalandhar, Punjab. Biomass were washed with distilled water to remove sand particles, dried at 60 °C for 48 h to moisture content 3% w w −1 and ground to 1-10 mm size using wiley mill. Ground biomass was stored in an airtight container. O 0.035, glucose 2.0, yeast extract 1.0 and agar 16.0 was prepared. Substrates 2,2′azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid) (ABTS) (0.1% w v −1 ) and guaiacol (0.1% w v −1 ) were used separately for determination of laccase production ability of fungal strain, while substrate lignin sulfonic acid sodium salt (0.02% w v −1 ) was used to determine the ability to degrade lignin (Pointing 1999) . Sterilized plates were inoculated at the center with 10 mm actively growing fungal disc and incubated (Innova 42R, Eppendorf ltd, USA) at 27.5 °C for 5 days. Colorless agar medium containing ABTS in petriplates changed to green color due to the oxidation of ABTS to ABTS-azine and guaiacol in petriplates turned to brick red in the presence of laccase produced by fungi. Plate containing lignin sulfonic acid sodium salt was flooded with 1% w v −1 aqueous solution of ferric chloride and 1% w v −1 potassium ferricyanide and then washed after 15 min. Phenols in undegraded lignin were stained to blue green and in case of degradation of lignin by fungi, formed clear zones around colonies, indicating oxidation of phenolic components. Diameter of the zone of color change was measured as ability of the fungal strain to produce laccase/degrade lignin. Fungal strains were also screened for their ability to grow and produce laccase using different lignocellulosic biomass as substrate. 5 g of biomass (2% moisture) was taken in 50 mL of DI water (10% w v −1 solid) in 250 mL flasks. Cotton-plugged flasks were sterilized in autoclave, inoculated with 5 mL of inoculum and incubated at 27.5 °C for 15 days under static condition. Samples were taken every 3rd day and analyzed for fungal growth and laccase production. Fungal strain and biomass resulting in higher fungal growth and laccase production were, used in further studies.
Fungal strains
Inoculum was prepared by inoculating 10 mm disc of actively growing fungal strain in petriplate into 100 mL sterilized media containing 2% w v −1 malt extract broth (pH 4.5) in 250 mL cotton plugged Erlenmeyer flasks. Flasks were incubated after inoculation in shaker-incubator at 150 rpm, 27.5 °C for 7 days. Mycelial pellets were homogenized with a sterilized laboratory blender and 5 mL of culture (1.1 × 10 6 spore mL −1 ) was used as inoculum for 50 mL medium containing biomass.
Submerged, solid-state and semi-solid fermentation
Two and 4% w v −1 biomass were used in submerged fermentation (SmF) studies. 1.0 and 2.0 g biomass were taken in 250 mL flasks and DI water added to make 50 mL volume. 16 and 20% w v −1 biomass were used in solid-state fermentation (SF) studies. 8.0 g and 10.0 g biomass were taken in 250 mL flasks and DI water added to make 50 mL volume. 8 and 12% w v −1 biomass were used in semi-solid fermentation (sSF) studies. 4.0 and 6.0 g of biomass were taken in 250 mL flasks and DI water added to make 50 mL volume. The cotton-plugged flasks were sterilized in autoclave, inoculated with 5 mL of inoculum (1.1 × 10 6 spore mL −1 ) and placed in an incubator at 27.5 °C for 15 days. Samples were taken every 3rd day for estimation of fungal growth, laccase activity, soluble/insoluble nutrient consumption and biomass composition analysis. All experiments were performed in triplicate.
To isolate the independent effects of insoluble nutrients on fungal growth and laccase production, fermentations were carried out using biomass without initial soluble sugars. Soluble sugars present in ground wheat straw were removed by washing out with distilled water. Media with different concentration of biomass were prepared, sterilized and incubated after inoculation as described above. To study the effect of soluble nutrients on fungal growth and laccase production, fermentations were carried out with soluble sugar from 0.0 to 10.0 g L −1 at optimum wheat straw solid content after washing off soluble sugars from the biomass. Samples were taken every 3rd day for estimation of fungal growth, laccase activity, soluble/insoluble nutrient consumption and biomass composition analysis. All experiments were performed in triplicates.
Extraction and estimation of laccase
Fifty mL DI water was added to flasks having 16 and 20% w v −1 biomass and shaked in shaker-incubator at 150 rpm, 30 °C for 2 h. Slurry from all flasks was filtered through muslin cloth followed by centrifugation at 10,000×g at 4 °C for 10 min. Supernatant was used for measurement of laccase activities and soluble nutrient consumption. The filtered residue and solid fractions were dried in a hot air oven at 65 °C and used for biomass composition analysis. Laccase activity was measured by oxidation of 2,2′-azino-bis-(3-ethyl benzthiazoline-6-sulfonate (ABTS) to ABTS-azine determined at 420 nm (ε 420 = 36,000 M −1 cm −1 ) (Bourbonnais and Paice 1990) . 1 mL reaction mixture contained 500 µL of acetate buffer (0.1 mM, pH 4.5), 250 µL 1 mM ABTS and 250 µL crude enzyme. One unit of enzyme activity was defined as 1 µmol of ABTS oxidized per minute. Enzyme activities were expressed in units per liter (U L −1 ) of extract. Dilution factor 2x (additional 50 mL of DI added for enzyme extraction) was used for calculation of laccase activity in flasks having 16 and 20% w v −1 wheat straw.
Estimation of reducing sugar, insoluble nutrients' consumption and fungal growth
Reducing sugar in biomass and its consumption in fermentation was measured using glucose as standard by HPLC (Agilent 1200 series, MN, USA), equipped with refractive index detector (RID) and Hi-Plex H column (300 × 7.7 mm, PL1170-6830, Agilent) maintained at 55 °C and 80 °C, respectively. HPLC grade water was used as the mobile phase eluting at 0.6 mL min −1 (Mishra et al. 2017) . Consumption of insoluble nutrients was measured by loss of dry weight of biomass in fermentation. Dry weight loss of biomass was measured after washing out the fungal growth on biomass.
Fungal growth was estimated by N-acetyl glucosamine content (Aidoo et al. 1981) . Glucosamine content of fungi (fungal growth vs. glucosamine) was determined through liquid culture cultivation in 2% w v −1 malt extract. Glucosamine standard curve was obtained using N-acetyl glucosamine. Sample containing fungal biomass (100 mg) was treated with 5 mL of 2 N HCl for 2 h to convert fungal chitin into N-acetyl glucosamine solution. Glucosamine solution (1.0 mL) was then mixed with 1 mL of acetylacetone reagent (2% v v −1 acetylacetone in 0.5 N sodium carbonate) and boiled vigorously for 20 min. After cooling to room temperature, 6 mL ethanol was added followed by 1 mL of Erhlick's reagent (2.67% w v −1 p-dimethyl-amino benzaldehyde in 1:1 mixture of ethanol and concentrated hydrochloric acid). The mixture was incubated at 65 °C for 10 min and estimated colorimetrically at 530 nm against a reagent blank. ) of free water or milligrams per gram of dry substance present in culture.
Fungal morphology
Morphology of fungal hyphae on biomass was observed by scanning electron microscopy (SEM). Samples were dried 1 3
35 Page 4 of 13 in an oven at 45 °C for 48 h followed by gradual dehydration using acetone-water mixtures with acetone concentration increased to 100%. Samples were sputter-coated with Au-Pd and examined in SEM (JSM -6100, JEOL, Japan) at an accelerated voltage 10 kV, magnification ×2000.
Analysis of biomass composition
Lignin, cellulose and hemicellulose composition of the biomass were determined following NREL LAP procedure NREL/TP-510-42618 (Sluiter et al. 2010) . Two-stage acid hydrolysis was used for fractionation of the biomass. The first step hydrolysis involved the addition of 3.0 mL 72% v v −1 sulfuric acid to 300 mg biomass, kept at 30 °C for 1 h and subsequently in second step, autoclaved for 1 h after dilution to 4% v v −1 . Hydrolyzed solution was vacuum filtered through previously weighed crucibles. Acid-insoluble residue after vacuum filtration was dried at 105 °C till constant weight achieved and measured as acid insoluble lignin. Aliquot collected after filtration was used for estimation of acid soluble lignin, cellulose and hemicellulose. The acidsoluble lignin was measured by UV-Vis spectrophotometer at 270 nm (Kinetic, Biospectrometer, Eppendorf, Germany) using lignin sulfonic acid as standard. Cellulose and hemicellulose was measured from monomeric sugar analysis of hydrolyzed sample. Monomeric sugars were measured by HPLC (Agilent 1200 series, MN, USA) equipped with refractive index detector (RID) and using Hi-Plex H column (300 × 7.7 mm, PL1170-6830, Agilent) maintained at 55 and 80 °C, respectively. HPLC grade water was used as the mobile phase eluting at 0.6 mL min −1 . The content of cellulose in the sample was calculated from glucose and galactose obtained, while hemicellulose was calculated from the xylose and arabinose, using anhydro correction factors 0.90 for C-6 sugars and 0.88 for C-5 sugars. The cellulose and hemicellulose contents were calculated as Cellulose (mg gds −1 ) = (GR × 0.9)/w × 1000 and Hemicellulose (mg gds −1 ) = (XA × 0.88)/w × 1000, respectively, where GR was the glucose and galactose released (g), w was sample dry weight (g), XA was the xylose and arabinose released (g). The lignin degradation was calculated as Lignin degradation (mg gds
; where w was dry weight (g) of the biomass after fermentation, w o was the initial dry weight (g) of native biomass; α, β were % of acid-soluble and acidinsoluble lignin, respectively, in biomass after fermentation; α o , β o were % of acid-soluble and acid-insoluble lignin. respectively, in native biomass.
Biomass characterization
Morphological and thermal characteristics of substrate biomass were characterized by SEM and thermogravimetric/ differential thermogravimetric analysis (TGA/DTG). Samples were washed and dried in an oven at 45 °C for 48 h followed by gradual dehydration using acetone-water mixtures with acetone concentration increased to 100%. SEM was observed at an accelerating voltage 20 kV, magnification 1500X as described earlier in section fungal morphology. Thermal characteristics was done using TGA/DTG (SII EXSTAR 6000 [TG/DTA 6300], Japan) from 30 to 750 °C with heating rate 10 °C min −1 in an inert atmosphere (flow of nitrogen 20 mL min −1 ). Weight loss experiments were performed by taking 5 mg sample. Makela et al. 2013; Patel et al. 2014; Sharma et al. 2015) were screened for maximum laccase production and lignin degradation abilities in petri plates (Online resource 1; Online resource 2), and fungal growth and laccase production using different biomass substrates in fermentation (Online resource 3).
Results and discussion
Screening of fungal strains and lignocellulosic biomass
The laccase production and lignin degradation abilities of fungal strains were analyzed from the diameter of characteristic colored zones produced on the full grown plates of fungal strains using substrates ABTS, guaiacol and lignin sulfonic acid (Pointing 1999 ) (Online resource 1). The strains were categorized into high, fair and low ability based upon zone diameters ≥ 3.5 cm, 2.0-3.5 cm and < 2.0 cm, respectively. G. lucidum showed high laccase production with maximum lignin degradation ability (Online resource 1; Online resource 2).
Fungal growth and laccase production varied with both fungal strain and biomass as well. Fungal growth using biomass wheat straw, wheat bran, rice straw and rice hull (10% w v −1 ) showed that fungal growth of G. lucidum
) and P. ostreatus (6.9 ± 0.3 g L −1 ) using wheat straw was higher (Online resource 3). Rest of the strain produced less than 5.0 g L −1 fungal growth during fermentation. G. lucidum showed high fungal growth (up to 9.7 g L −1 ) using other biomass, i.e. wheat bran, rice straw and rice hull as well. T. versicolor produced fungal growth 9.1 ± 0.58 g L −1 using wheat bran. Ganoderma lucidum, T. versicolor, D. flavida and P. ostreatus produced maximum laccase activities (U L −1 )
5987.2 ± 372.1, 4635.3 ± 506.1, 4262.4 ± 466.2 and 3976.0 ± 432.9, respectively, using wheat straw substrate. T. versicolor produced maximum peak activity of laccase 5322.8 ± 507.1 U L −1 using wheat bran substrate, lower than peak activity by G. lucidum using wheat straw. Other strains produced low laccase activity, especially S. hirsutum, P. chrysosporium, and P. cinnabarinus did not show any laccase activity (might be expressing other ligninolytic enzymes). Result of laccase production by P. cinnabarinus was contrary to the results reported earlier in submerged fermentation (Herpoël et al. 2000) , where laccase production was higher than other fungal strains. Higher laccase production (> 95 U g −1 ) by P. cinnabarinus was also observed in solid-state fermentation using sugarcane bagasse (Meza et al. 2005) . Poor fungal growth in medium containing biomass and having high water content might be the reason for low laccase production by P. cinnabarinus in present study. P. chrysosporium has been reported to produce low laccase activity in previous studies also (Ansari et al. 2016; Singh and Chen 2008; Verma and Madamwar 2002) . D'Souza and coworker (D'Souza et al. 1996) observed that P. chrysosporium lacked the genetic machinery of laccase production. Supplement of inducers in medium was required for laccase production by this strain (Gnanamani et al. 2006) . Fungal strain G. lucidum and wheat straw biomass were selected for studies of laccase production at different solid content.
Effect of wheat straw solid content
Fermentations were carried out at different wheat straw solid content (2-20% w v −1 ) in the medium, to study the effect of free water/solid content on the soluble/insoluble nutrient consumption, fungal growth and laccase production (Fig. 1 ). Cultures were categorized into high (16-20% w v −1 ), medium (8-12% w v −1 ) and low solid (2-4% w v −1 ) content. Initial concentration of the reducing sugars were maximum in high solid content cultures (11.5 ± 0.4 and 14.4 ± 0.6 g L −1 for 16 and 20% w v −1 , respectively), but it had a very poor extraction capacity into soluble phase due to low free water content. At low solid content, even with good extractability, the initial concentration of the soluble nutrient (sugars) were low (1.4 ± 0.06 and 2.8 ± 0.1 g L −1 for 2 and 4% w v −1 , respectively) due to dilution by high water content. At 8% and 12% w v −1 wheat straw, the soluble sugar for fungal growth was moderate 5.7 ± 0.2 and 8.6 ± 0.3 g L −1 , respectively, due to high content of wheat straw and good extractability in culture.
Solid content in fermentation media showed significant effect on consumption of both soluble and insoluble nutrients, fungal growth and laccase production (Fig. 1) . Soluble sugar decreased to 12% w v −1 in first 6 days and up to 90% w v −1 was consumed in low solid content culture in 15 days (Fig. 1a) . Minimum amount of insoluble component (3% w v −1 ) was utilized in low solid content culture (Fig. 1b) . Consumption of soluble sugar was lowest at high wheat straw solid content in media. Highest insoluble nutrient consumption was observed in high solid content culture. Decreased rate of consumption of nutrients in high solid content culture after 9 days of fermentation might be due to loss of moisture content in culture.
Maximum fungal growth (10.8 ± 0.6 g L −1
) was observed in medium solid content (8% w v −1 ) culture with stationary phase achieved after 9 days (Fig. 1c) . Low solid content resulted in minimum fungal growth with high initial rate (short lag phase), while high solid content resulted in moderate fungal growth with long lag phase. Enzyme production by fungi during fermentation depends on fungal growth (Patel et al. 2014) . Maximum laccase production was observed in fermentation with medium solid content ( Fig. 1d) with peak activities 6407.3 ± 511.5 and 4528.1 ± 291.2 U L −1 on 12th day at 8 and 12% w v −1 , respectively. Minimum laccase activity was obtained in low solid content culture, while moderate activity at high solid content.
The above results showed solid content in media influenced uptake of substrate and growth of fungi. At low solid content cultures (up to 4% w v −1 wheat straw), fungal growth was observed with utilization of mainly soluble nutrient and minimum consumption of insoluble component, characterized as the submerged fermentation (SmF). Hyphal growth of fungi in static, submerged fermentation take place only on surface of liquid medium and depend on the soluble nutrients (Singhania et al. 2010) . After the depletion of the soluble nutrients, fungus was unable to access the insoluble nutrient in media due to lack of contact with solid. When soluble sugar decreased below 12% w v −1 after 6 days, fungus could not consume insoluble component of wheat straw resulting in low fungal growth (Fig. 1a-c) . Morphology of fungal growth on wheat straw surface showed the lack of contact of biomass with fungi at 4% w v −1 wheat straw (Fig. 2) and no morphological changes. Agitation could provide contact between solid and fungal growth during fermentation, but mechanical stress resulted in decreased fungal growth and laccase production (Couto et al. 2003; Rosales 2005) . Wheat straw was the sole nutrient source used in medium. Supplement of additional soluble nutrients after depletion of soluble nutrients in media is expected to increase fungal growth, but this would increase the cost of medium and minimize the utilization of lignocellulosic biomass.
At high solid content cultures (16-20% w v −1 wheat straw) fungi utilized mainly insoluble nutrient because it grew directly on solid substrate, characteristics of solid-state fermentation (SF). Fungi grew on solid substrate surfaces in a way similar to plant roots grow in the soil (Nigam and Singh 1994) . Long tubular body of the fungal hypha grew alongside the surface of solid using moisture and nutrients from liquid film, penetrate cracks and pores in the insoluble substrate for feed. The growing tip of the fungal hypha produces active enzymes to degrade lignin and convert the cellulose to metabolizable sugars (Barrios-González 2012). Fungus spread from one substrate particle to other by branching of hyphae on solid particles and utilize it as feed (Osma et al. 2011 ). Dense and thin fungal hyphae were observed on wheat straw surface (Fig. 2c) . Penetration of solid substrate by creating pores for feed produced stressed condition and thinner hyphae for fungi in SF culture. Thinner hyphae results in more sporulation for branching to adjacent solid particles rather than product formation (Pandey et al. 1999) .Continuous feed of insoluble component in SF resulted in higher fungal growth than in SmF (low solid content culture). Slow fungal growth in SF after 12th day of fermentation might be due to accumulation of metabolic heat and decrease in the moisture content (below 55-65%). Low moisture content, without providing sufficient water to fungi, could hamper fungal growth and approach to nutrients (Wan and Li 2012 ). This could also be possible reason for low laccase production.
Semi-solid fermentation (sSF) is a type of solid-state fermentation with little high water content (Economou et al. 2010 ). This increased water at 8-12% w v −1 wheat straw culture facilitated the extraction, transport of soluble nutrients and utilization to increase the fungal growth. It is possible to control process parameters such as pH, oxygen transfer rate in liquid medium in semi-solid culture. At medium solid content cultures (8-12% w v −1 wheat straw), fungi were in contact with solid substrates and utilized both soluble (sugars) and insoluble (solid) nutrients (Fig. 1a, b) , characterized as sSF. Simultaneous utilization of soluble sugars and insoluble components present in media in sSF showed advantages of both SF and SmF, resulting in maximum fungal growth (Fig. 1c) and network of thick intercrossed hyphae on wheat straw surface (Fig. 2d) . High laccase production was observed in sSF because of high fungal growth and utilization of insoluble nutrients containing lignin that acted as inducer. Highest laccase activity was 107.3 ± 5.2 U gds −1 on 12th day in sSF with 8% w v −1 wheat straw. Fast oxygen diffusion rate through water film surrounding the insoluble substrate at optimum free water content supported higher growth (Han 1987) . It has also been reported that oxygen is instrumental in stimulating the transcription of the lignin degrading enzymes (Zhong et al. 2017 ). Utilization of soluble nutrients at first phase and change to insoluble nutrients after 9th day was probable reason for two peaks of laccase activity (Fig. 1d) . Decrease in activity of laccase beyond certain time could be due to the release of proteolytic enzymes in culture or inactivation of enzymes (Palmieri et al. 2001) . Laccase production in SF was higher than in SmF due to accessibility of insoluble nutrients and inducer lignin in wheat straw. Less fungal growth, poor oxygen transport due to clumps of substrate formed at 9-12th day and low moisture content were reasons for lower laccase activities in SF than in sSF (medium solid content culture). Low accessibility of fungal growth to wheat straw solids having lignin inducer, less fungal growth and high dilution of products were reasons for minimum laccase activity in SmF.
Effect of wheat straw solid content without natural soluble sugars
Consumption of soluble and insoluble nutrients in fermentation media showed the significant effect on fungal growth and laccase production, but their individual effect was not clear. Individual effects of insoluble and soluble nutrients on fungal growth and laccase production were observed. Fermentations were carried out at 2-20% w v −1 ground solid after removing the soluble sugars by washing with distilled water. Utilization of insoluble component and fungal growth increased with increase in the solid content (Table 1) . Due to fungal-solid contact at higher solid content culture, up to 42% of insoluble nutrient of medium was consumed after 15 days of fermentation. Increase in fungal growth was significant at solid content higher than 8% w v −1 (sSF and SF). Maximum fungal growth 7.08 ± 0.3 g L −1 was observed at SF (20% w v −1 wheat straw solid). This could be due to maximum accessibility and utilization of insoluble nutrients by fungi in SF. Production of laccase was also influenced by solid content in culture. Peak laccase activity increased up to 8% w v −1 solid and then decreased. Maximum laccase production 3601.0 ± 119.6 U L −1 was observed on 15th day at sSF (Table 1 ; Online resource 4). Cultures having solid content higher than 8% w v −1 showed the significant consumption of insoluble component in medium that was responsible for the fungal growth and laccase production. Continuous feed of insoluble component in SF resulted in maximum fungal growth higher than in SmF (low solid content culture) and sSF (moderate solid content culture), while laccase production was lower than sSF. Till 12th day of fermentation, laccase activity was highest in SF, but at later phase (12-15th day) laccase activity in SF decreased (Online resource 4). Loss of moisture content could be reason for decrease in laccase activity in SF. Effect of both soluble and insoluble nutrients studied and described in section 'effect of wheat straw solid content'. The role of soluble sugars independently, could be observed from the difference between the results with soluble sugar and without soluble sugar (Table 1) . Fungal growth was low in culture without natural soluble sugars (washed out) of wheat straw than fungal growth in the culture with natural soluble sugars. Fungi required the easy metabolizing soluble sugars for higher growth (Hailei et al. 2015) . Supplement of soluble sugars as carbon source in the medium resulted in higher fungal growth and laccase production during SmF (Stajić et al. 2006) . In the present study, washing of soluble sugars resulted in decreased fungal growth in all cultures containing wheat straw solid. Decreased fungal growth resulted in decreased laccase production except in medium having 20% w v −1 solid content. In high solid content culture, fungi consumed mainly insoluble nutrients and, therefore, washing of natural soluble sugars showed little effect on fungal growth and laccase production.
The difference between the fungal growth in cultures with soluble sugar and without soluble sugars decreased with increase in solid content in culture. This was due to increased fungal-solid contact resulted in higher consumption of insoluble nutrients. Fungal growth 6.3 ± 0.2 g L −1
in sSF (without soluble sugar) was mainly due to consumption of insoluble nutrients and decreased than the growth obtained with soluble sugars. Decrease in fungal growth also resulted in decreased laccase production (− 2806.1 U L −1 ) in sSF. Results showed fungi utilized the soluble nutrients along with insoluble nutrients present in the media in semisolid cultures. Difference in fungal growth with and without soluble sugar in case of SmF and sSF was higher, because fungi feed on soluble nutrients for their initial growth.
Effect of solid contents at same soluble sugars equivalent to 8% w v −1 wheat straw Both soluble sugar and insoluble nutrient utilization played the vital role in semi-solid culture (8% w v −1 solid) to give the best result of fungal growth and laccase production. Now to understand whether it was due to insoluble solid content or due to soluble sugar at 8% w v −1 solid; fermentations were carried out at two different situations, i.e. at different solid content without natural soluble sugars (soluble sugar washed out), and at different solid content with constant soluble sugar equivalent to 8% w v −1 wheat straw solid. With increase in solid content in culture, utilization of insoluble solid increased (Fig. 3a) . Maximum fungal growth 10.8 ± 0.6 g L −1 was obtained in 8% w v −1 wheat straw at sSF. Fungal growth in SmF increased and was close to growth obtained in sSF culture (Fig. 3b) because of higher initial soluble sugars. Peak laccase activity did not +359.6 36.0 ± 1.9 42.0 ± 2.4 6.0 increase in SmF (Fig. 3c ) due to minimum utilization of insoluble nutrient. This study showed that soluble nutrients were required for fungal growth in sSF, while optimum utilization of insoluble solid content was also required for high laccase production. In sSF (8% w v −1 solid), fungi was able to utilize both soluble and insoluble components of wheat straw resulting in maximum fungal growth with high laccase production.
Effect of soluble sugars at same solid content (8% w v −1 wheat straw without soluble sugars)
After the optimization of the solid content (8% w v −1 ) the effect of soluble sugars was observed. Fermentations were carried out at different soluble sugar (0-10 g L −1 ) at 8% w v −1 solid after washing off the soluble sugars (Fig. 4) . Fungal growth increased to maximum 11.8 ± 0.5 g L −1
with soluble sugar up to 10.0 g L −1 (Fig. 4a) . It supported the earlier observation of utilization of soluble sugars for growth of fungi in sSF. Laccase production increased with glucose concentration up to 5.0 g L −1 and then decreased (Fig. 4b) . Decrease in fungal growth at low soluble sugar decreased the laccase activities, while at high soluble sugar, consumption of easy metabolizing sugar instead of lignin containing insoluble nutrient did not stimulate the laccase production. Soluble sugar at high concentrations was inhibitory on laccase production in spite of maximum fungal growth (Aydınoglu and Sargın 2013) . High concentrations of soluble sugars in the complex medium during submerged fermentation increased cellulase and xylanase activities with reduction in laccase production (Elisashvili et al. 2008a ). Supplement of sugar to wheat bran complex medium resulted in high fungal growth and laccase production by Trametes modesta in SmF (Nyanhongo et al. 2002) , while in our study, supplement of sugars to wheat straw medium increased only the fungal growth.
Peak laccase activity 6389.1 ± 428.9 U L −1 on the 12th day with 5.0 g L −1 soluble sugar was equivalent to peak activity 6407.3 ± 511.5 U L −1 with 8% w v −1 wheat straw culture (without washing off soluble sugars) and showed that 8% w v −1 wheat straw culture contained sufficient soluble sugars (5.7 ± 0.2 g L −1 ) required for fungal primary growth.
SF produced high laccase activity than in SmF but in much longer time (Bazanella et al. 2013; Makela et al. 2013; Martínez-Morales et al. 2014; Zhou et al. 2014) . Laccase activity in SF decreased after 10-25th day due to reduced moisture content and heat accumulation during fermentation (Birhanli and Yesilada 2013) . G. lucidium grown in SmF of sugarcane baggase with supplement of malt extract yielded laccase 3000 U L −1 in 16 days (Sitarz et al. 2013) , while sugarcane baggase alone gave laccase 55 U g −1 in SF after 20 days (Manavalan et al. 2012) . SF of Eichhornia crassipes as substrate using culture of Pycnoporus sanguineus SYBC-L1 produced laccase 32.02 U g −1 in 9 days with CuSO 4 supplement in media. In our study, high laccase activity 6407.3 ± 511.5 U L −1 or 107.3 ± 5.2 U gds −1 was obtained in sSF of wheat straw substrate without any supplement in 12 days. Results showed that sSF was better than SmF and SF for high laccase production in short time mainly due to optimum utilization of insoluble nutrients consisting of lignin, cellulose and hemicellulose along with soluble sugars.
Change in composition and morphology of biomass
Change in composition of wheat straw (lignin, cellulose and hemicellulose) after fermentation depended on solid content (2-20% w v −1 ) (Fig. 5) . Solid content helped the attachment of fungus to biomass substrate and provided nutrients. The native wheat straw contained 229.8 ± 11.0, 359.7 ± 17.1 and 249.2 ± 10.0 mg gds −1 of lignin, cellulose and hemicellulose, respectively. These components degraded during fermentations; but small change in composition was observed at SmF due to poor utilization of insoluble components. Effect of wheat straw solid content on change in composition of wheat straw after 15 days' fermentation using G. lucidum (pH 4.5, 27.5 °C). Lignin, cellulose and hemicelluloses are components of wheat straw Maximum change in composition observed in SF was due to G. lucidium feed on the insoluble nutrient in the absence of free water. During sSF (8% w v −1 solid), considerable degradation of wheat straw components was observed as lignin, cellulose and hemicellulose reduced to 205.3 ± 11.3, 313.3 ± 14.8 and 212.1 ± 8.4 mg gds −1 , respectively, due to consumption of insoluble component.
Effect on morphology and thermal property was observed in wheat straw after sSF (Fig. 6a-c) . Visible destruction in intact morphology and formation of holes and crevices on biomass due to its utilization were observed (Fig. 6a,  b) . Thermal decomposition of the samples took place in three main steps (Fig. 6c) : (i) dehydration and volatization at < 180 °C, (ii) a degradation between 190 and 500 °C corresponding to depolymerization of hemicellulose and cellulose components and (iii) charcoal formation by slow decomposition of the solid residues of lignin at > 500 °C.
The percent mass loss was more and DTG curves shifted towards the lower temperature range after fermentation.
Conclusion
Fungal strain G. lucidum and wheat straw substrate were screened for maximum laccase production. Submerged fermentation (SmF), solid state fermentation (SF), semi-solid fermentation (sSF) were identified & characterized based on wheat straw solid/free water content in fermentation media and utilization of soluble/insoluble nutrients for fungal growth and laccase production. At 8% w v −1 solid content sSF, fungi grew on solid substrates with network of thick intercrossed hyphae, utilized both soluble and insoluble nutrients resulting in highest fungal growth and laccase activity (~ 3.5-fold higher than in SmF and ~ 2.5 fold higher than in SF). sSF showed potential for the production of enzymes through utilization of agricultural residues as substrate.
